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Intracluster proton transfer from the matrix-assisted laser desorption/ionization matrix
2,5-dihydroxybenzoic acid (DHB) to the peptide valyl-prolyl-leucine has been investigated as
a function of excitation laser wavelength and power. Ionization laser power studies at 308 nm
indicate that cluster ionization occurs with a two-photon dependence, whereas matrix-to-
analyte proton transfer and cluster dissociation requires an additional photon. At 266 nm,
two-photon absorption leads to both cluster ionization and cluster dissociation/proton
transfer. A consideration of these results clearly indicates that analyte protonation occurs
following ionization of the cluster to produce a radical cation matrix/analyte cluster. Mass
spectral features also indicate that mixed DHB/peptide cluster ionization can occur via
two-photon ionization at wavelengths as long as 355 nm. These results suggest a reduction in
the ionization potential of larger mixed DHB/peptide clusters of greater than 1 eV. The
reduced ionization potential seen in these clusters suggests that radical cation initiated proton
transfer remains a viable mechanism for analyte protonation in matrix-assisted laser desorp-
tion/ionization at these longer wavelengths. (J Am Soc Mass Spectrom 2001, 12,
726–731) © 2001 American Society for Mass Spectrometry
One area of the matrix-assisted laser desorption/ionization (MALDI) process that remainsopaque, despite numerous experimental stud-
ies, surrounds the underlying mechanism of the matrix-
to-analyte charge transfer reaction [1, 2]. Early MALDI
publications outlined a variety of possible mechanisms
of matrix-to-analyte proton transfer, including desorp-
tion of preformed ions, excited state proton transfer,
proton transfer from protonated matrix molecules, and
proton transfer from matrix radical cations [3]. The
possible role of matrix excited state chemistry in analyte
ionization was explored in a number of early experi-
mental and computational studies and led to the iden-
tification of p-nitroaniline as a MALDI matrix [4, 5].
More recently, matrix excited state lifetimes have been
studied via both spectroscopic methods [6, 7] and
time-delayed two-pulse laser desorption methods [8]. A
number of studies have also probed the proton affinities
of the neutral MALDI matrix molecules in an effort to
gauge the involvement of proton transfer from proton-
ated matrix molecules [9, 10]. More recently, thermo-
chemical studies have focused on examination of the
properties of other forms of known MALDI matrices in
an effort to establish viable thermochemical cycles for
the MALDI process [11, 12]. Finally, the dependence of
ion formation on laser flux has also been studied in an
effort to gain insight into the energetic requirements for
ion formation [13]. The existence of a true threshold for
ion formation has been established and the yield of
matrix and analyte ions has been shown to be nonlin-
early dependent on desorption laser fluence [14]. Al-
though the results of these various studies have been
used to infer possible routes by which analyte ioniza-
tion occurs in MALDI, it can be stated with some
certainty that much remains speculation.
One challenge that complicates fundamental studies
of the analyte ionization mechanism in MALDI is
critically linked to the principle requirements of the
MALDI process. Specifically, the generation of analyte
ions in conventional MALDI requires both that the
analyte be efficiently desorbed and that the analyte be
efficiently ionized. In many fundamental studies it is
difficult, if not impossible, to separate effects which
may be attributed to the requirements of either of these
two processes, i.e., it is often difficult to state unequiv-
ocally whether the failure to observe an analyte ion is
due to inefficient desorption or inefficient ionization.
An approach which obviates this problem is to de-
couple the desorption event from the ionization event
so that the requirements of the matrix-to-analyte proton
transfer reaction can be independently studied. Several
groups have shown that this goal can be achieved via
studies of neutral molecular clusters of MALDI matrices
and model amino acid or peptide proton acceptors
[15–20]. Furthermore, the study of matrix-to-analyte
proton transfer in clusters may be a more realistic
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model of conventional MALDI than might be expected.
Recent theoretical modeling of the laser desorption
process implicates the formation of large numbers of
matrix/analyte clusters [21–23] and experimental re-
sults have been interpreted in terms of analyte proto-
nation remote from the probe surface in a cluster
environment [24, 25].
In the current studies we examine the mechanism of
the matrix-to-analyte proton transfer reaction occurring
in neutral molecular clusters of the MALDI matrix
2,5-dihydroxybenzoic acid (DHB) and the tripeptide
valyl-prolyl-leucine (VPL). Examination of the product
ion mass spectra as a function of cluster excitation
wavelength and power strongly supports a mechanism
in which cluster proton transfer (CPT) follows two-
photon ionization of the DHB to form the radical cation.
In addition, two further insights are drawn from the
results of these studies. First, the results suggest that
either a significant activation barrier to proton transfer
exists or that the matrix-to-analyte proton transfer re-
action occurs with greatest efficiency from an excited
state of the matrix radical cation. Second, the results
implicate a substantial reduction in the DHB ionization
energy resulting from intermolecular interactions with
the VPL. This effect is of sufficient magnitude that at the
longer 355 and 337 nm wavelengths used in conven-
tional MALDI, two-photon ionization of the DHB must
be considered as a viable ion formation pathway.
Experimental
The instrument used in this investigation has been
described in detail previously [18] and remains un-
changed since our most recent report [19]. Only a brief
description will be given here. It consists of a differen-
tially pumped cluster chamber collinearly coupled to a
linear time-of-flight mass spectrometer with a 1-m flight
tube. The cluster formation process begins with 266 nm
laser desorption of the matrix/analyte mixture. Direct
desorption of DHB is possible at 266 nm, but the
UV-transparent analyte must be mixed with DHB and
co-desorbed in a matrix assisted desorption process
[26]. The desorption pulse is provided using the fre-
quency quadrupled output of a Nd:YAG laser (Contin-
uum, Minilite, Santa Clara, CA). Following desorption,
a high-pressure pulse valve (General Valve, Fairfield,
NJ) located adjacent to the sample probe is opened
allowing a 120 lb/in.2 argon expansion to intersect the
desorbed material. Collisions between the expanding
gas and the desorbed molecules results in collisional
redirection of the desorbed material and cluster forma-
tion. The entrained material is transported through an
800 mm orifice stainless steel skimmer (Beam Dynamics,
Minneapolis, MN) and into the ion source region.
Upon entering the source region, the clusters are
excited with either 308, 266, or 355 nm laser radiation.
The 266 and 355 nm pulses are achieved using the
frequency quadrupled and tripled output of a Nd:YAG
laser (Continuum, Surelite II). The 308 nm radiation is
provided by an excimer laser charged with XeCl (Lamb-
da Physik, LPX200, Fort Lauderdale, FL). Two-stage ion
acceleration using potentials of 5.3, 4.7, and 0 kV on the
repeller, first, and second acceleration electrodes, re-
spectively, is employed to achieve space focusing at the
plane of the detector surface. It should also be noted
that continuous biasing of the source electrodes at these
potentials serves to exclude ions formed during the
desorption event from entering the mass spectrometer
source region. Ions resulting from the laser excitation of
neutral material are detected at the end of the 1-m flight
tube by a dual microchannel plate detector (Galileo,
Sturbridge, MA). Mass spectra are recorded using a
digital storage oscilloscope (LeCroy, Chestnut Ridge, NY).
DHB and hydroquinone (HQ) were purchased from
Aldrich (Milwaukee, WI) and used without further
purification. VPL was purchased from Bachem (Tor-
rance, CA) and used as received. Cluster samples were
prepared by mixing DHB (or HQ) and VPL dry in a 1:1
mass ratio. The resulting mixture was affixed to a
stainless steel sample probe as a thick paste using a
commercial solid adhesive (UHU stic).
Results
Single color laser excitation and ionization of VPLm/
DHBn clusters was performed at 308, 266, and 355 nm.
Figure 1 shows the mass spectra resulting from 308 nm
excitation of VPLm/DHBn clusters using low, medium,
and high laser powers. At low laser powers there is a
strong preference for VPLm/DHBn heterocluster ion
formation. In the lower mass range (m/z ,800) spectral
resolution is sufficient to allow assignment of the clus-
ter ion signals to that of the radical cation, VPLm/
DHBn
1z. Although resolution of the ion signals in the
higher mass range is insufficient to allow unambiguous
assignment of the cluster ion signals, accurate mass
calibration of the spectra are consistent with these
species also representing radical cations. A number of
VPLm/DHBn
1z series are clearly observed in the mass
spectra where m ranges from 1 to 3 and n ranges from
1 to 4. Weak signals from even larger clusters can be
distinguished in the higher power 308 nm mass spectra.
As the ionization laser power is increased, signals
corresponding to ionized VPL appear in the mass
spectrum. Ion signal resolution is sufficient in this lower
mass region to unambiguously assign these signals to
protonated VPL. As the laser power is increased fur-
ther, the VPL 1 H1 signals increase in intensity relative
to the cluster ion signals. Interestingly, there also ap-
pears to be a change in the relative yields of the
VPLm/DHBn
1z signals with clusters having n . 1 de-
creasing relative to clusters having n 5 1. Another
remarkable feature of the higher power 308 nm cluster
mass spectra is the absence of DHBn
1z ion signals.
Figure 2 shows a plot of the log of the ion signals for
VPL/DHB1z and VPL 1 H1 versus the log of the 308
nm ionization laser power. These two ions were chosen
to be representative of the laser power dependent
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behavior of the heterocluster and CPT product ion
signals, respectively. For these plots the laser power
was varied randomly across the range of powers shown
and triplicate mass spectra were taken at each laser
power setting. Linear least-squares regression analysis
was used to determine the slope of the cumulative set of
data for each of the two ion signals. Previous work has
shown that the slope of this type of log–log plot can
indicate the minimum number of photons required to
produce a given ion [27].
Mass spectra taken at low, medium, and high 266 nm
excitation laser powers are shown in Figure 3. Even at
the lowest laser powers at which usable signal to noise
ratios could be obtained, signals corresponding to
DHB1z and VPL 1 H1 are observed. As the 266 nm
laser power is increased weak VPLm/DHBn
1z signals are
also observed above the noise level, but the yield of
these ions relative to the DHB1z and VPL 1 H1 ions
does not change. Furthermore, as shown in Figure 4, the
yield of VPL 1 H1 relative to DHB1z is also indepen-
dent of the 266 nm laser power.
Intense signals corresponding to the hydroquinone
radical cation (HQ1z, m/z 110) are also observed at each
of the 266 nm excitation laser powers. (These signals
have been truncated at the higher 266 nm laser powers
to allow the intensity of other peaks to be more easily
compared.) In previous work it has been shown that
HQ can be formed during the laser desorption process
[28]. Note that HQ1z signals are either absent or very
weak even in the highest power mass spectra taken
using 308 and 355 nm (see Figure 5) laser excitation
wavelengths, suggesting that HQ1z is not an efficiently
formed photofragment of DHB1z. Furthermore, in sep-
arate experiments in our laboratory it has been ob-
served that laser desorbed and jet entrained HQ is very
efficiently ionized at 266 nm. Thus, in the 266 nm mass
spectra shown in Figure 3 it seems likely that the HQ1z
results from laser ionization of neutral HQ formed
during the desorption process and subsequently trans-
ported into the mass spectrometer source region. To
exclude the possibility that HQ is involved in the CPT
reaction, separate experiments were performed using
mixtures of HQ and VPL. In these experiments it was
found that CPT is insignificant in HQ/VPL clusters at
any of the wavelengths used in these studies.
Figure 5 shows the mass spectra resulting from 355
nm laser excitation of VPLm/DHBn clusters using low,
medium, and high laser powers. Similar to the low
power 308 nm mass spectra VPLm/DHBn
1z signals dom-
inate the low power 355 nm spectra. However, substan-
tial differences between the low power 308 and 355 nm
results also exist. Specifically, no VPLm/DHBn
1z clusters
with m 5 1 are observed in the low power 355 nm mass
Figure 1. 308 nm laser ionization mass spectra of VPLm/DHBn clusters taken at increasing laser
powers (powers shown at right in each mass spectrum).
Figure 2. Plot of the log of the ion signals for VPL/DHB1z (filled
square) and VPL 1 H1 (filled diamond) vs. the log of the 308 nm
ionization laser power. The slope of the least-squares fit to the
VPL/DHB1z data is 1.9 and the slope of the least-squares fit to the
VPL 1 H1 data is 2.8.
728 LAND AND KINSEL J Am Soc Mass Spectrom 2001, 12, 726–731
spectra. These species yield strong ion signals in the 308
nm mass spectra. In addition, VPLm/DHBn
1z clusters
with higher values of n are also absent in the 355 nm
mass spectra. For example, in the low power 308 nm
mass spectra VPL2/DHBn
1z clusters with n 5 1– 4 are
clearly evident, whereas in the low power 355 nm mass
spectra only VPL2/DHBn
1z clusters with n , 3 are
observed.
Similar to the 308 nm results, as the 355 nm excitation
laser power increases, VPL 1 H1 and VPL2 1 H
1 sig-
nals appear in the mass spectra. In addition, there also
appears to be a similar trend in the relative yields of the
VPLm/DHBn
1z signals at the higher 355 nm laser pow-
ers, i.e., clusters having n 5 2 decrease in intensity
relative to clusters having n 5 1. However, in contrast
to the 308 nm results DHB1z and DHB2
1z signals also
appear in the mass spectra. Similar to the 266 nm mass
spectra, the yield of VPL 1 H1 relative to DHB1z is
essentially constant as the 355 nm laser power is in-
creased above the threshold for observation of these ion
signals.
Discussion
The slope of 1.9 for the log–log plot of the VPL/DHB1z
signal versus the 308 nm laser power shown in Figure 2
indicates that it takes at least two 308 nm photons to
ionize the VPL/DHB clusters. As shown in Figure 6 this
result is consistent with the measured ionization energy
(IE) of free DHB i.e., 2 hn at 308 nm 5 8.05 eV .
IE(DHB) 5 8.0475 eV [28]. Furthermore, the slope of 2.8
for the log–log plot of the VPL 1 H1 signal versus the
308 nm laser power indicates that the absorption of one
additional 308 nm photon (i.e., 12.08 eV total) by the
photoionized clusters leads to efficient formation of
VPL 1 H1. These results clearly demonstrate that the
laser initiated CPT reaction leading to the production of
VPL 1 H1 proceeds through the radical cation of the
cluster. It should be stated, however, that this result
does not necessarily indicate that the proton transfer
reaction occurs in the cluster ion state, i.e., proton
transfer could occur in the ground state of the cluster (a
zwitterionic cluster) or in any state accessed during the
multiphoton absorption process.
Based on the 308 nm results it is expected that at 266
nm the VPLm/DHBn clusters should be readily ionized
at the two-photon level (9.32 eV). However, the domi-
nant ion signals in the 266 nm mass spectra are those
associated with VPLm 1 H
1 and DHB1z and both ion
signals exhibit identical dependence on the excitation
laser power. Thus, as shown in Figure 6 it appears that
the absorption of two 266 nm photons provides suffi-
cient energy to lead to both cluster ionization and
CPT/cluster dissociation. The 266 nm two-photon en-
ergy exceeds the IE of free DHB by ;1.27 eV and could
exceed the IE’s of the VPLm/DHBn clusters by even
greater amounts (see discussion below). However, it
should be emphasized that, in contrast to the high
Figure 4. Plot of the log of the ratio of VPL 1 H1 to DHB1z vs.
the log of the 266 nm ionization laser power. The slope of the
least-squares fit to the data is 20.08.
Figure 3. 266 nm laser ionization mass spectra of VPLm/DHBn clusters taken at increasing laser
powers (powers shown at right in each mass spectrum).
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power 308 nm mass spectra, cluster dissociation to form
DHB1z is a prominent pathway at the 266 nm two-
photon energy. (Note that the DHB1z signal cannot be a
result of direct photoionization of neutral DHBn clus-
ters. These species are not observed in the 308 nm mass
spectra, a wavelength which is very efficiently absorbed
by DHB and for which the two-photon energy exceeds
the IE’s of both DHB and DHB2 [28].)
The contrast in these wavelength dependent results
has two important implications. First, the observed
behavior strongly argues that the CPT reaction occurs in
the ion state of the cluster. The fact that at the higher
excess energies accessed in the 266 nm mass spectra the
clusters can simply dissociate to form DHB1z indicates
that CPT has not occurred before ionization of the
clusters. Furthermore, a radical cation CPT reaction can
be supported by the recent work of Mormann et al. who
have established the ground-state gas-phase acidity of
isolated DHB1z [29]. On the basis of the reported value
(858 kJ/mol) and the gas-phase basicity of the most
basic amino acid in VPL (P, 896.6 kJ/mol [30]) it is
apparent that a radical cation CPT reaction should be an
exoergic process. This unambiguous assignment of the
CPT reaction to an ion state process is in contrast to
earlier work by Huang et al. [20] on cinnamic acid
derivatives, in which either excited state proton transfer
or radical cation proton transfer were found to be
consistent with the experimental data. Second, the ob-
servation that the large excess energy accessed upon
absorption of three 308 nm photon leads exclusively to
CPT suggesting that either the activation barrier for
CPT in the ionized cluster is significantly higher than
the activation barrier for cluster dissociation, or that the
CPT reaction occurs from the excited state of the DHB
radical cation, DHB1z*.
The most striking feature of the low power 355 nm
mass spectra is the dominance of the larger VPLm/
DHBn
1z clusters with m . 1 and n , 3. Two-photon
ionization of these VPLm/DHBn clusters at 355 nm
might initially seem to be unlikely. As shown in Figure
6 the two-photon energy at 355 nm (6.99 eV) is substan-
tially less than the 8.0475 eV IE of free DHB. However,
the 355 nm three-photon energy (10.49 eV) exceeds the
9.32 eV 266 nm two-photon energy which, as previously
discussed, leads to efficient CPT/dissociation of the
cluster ions. Thus, it must be concluded that the IE’s for
clusters with at least two VPL molecules and less than
three DHB molecules are more than 1.05 eV less than
the 8.0475 eV IE of free DHB. Previously, IE reductions
of this magnitude had only been reported for a small
number of cluster systems [31–33]. However, this effect
of IE reduction seems to be prevalent in clusters involv-
ing MALDI matrices and nitrogen containing proton
acceptors. Earlier studies in our group indicated that
Figure 5. 355 nm laser ionization mass spectra of VPLm/DHBn clusters taken at increasing laser
powers (powers shown at right in each mass spectrum).
Figure 6. Composite energy level diagram indicating the various
cluster ionization and dissociation processes observed at the
photon energies associated with the laser excitation wavelengths
used in these studies.
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large IE reductions occur in clusters of sinapinic acid
with dipeptides [18] and later studies by Huang et al.
[20] reached a similar conclusion for a variety of cin-
namic acid derivatives in clusters with ammonia and
methyl amine.
Conclusions
The results of these studies clearly indicate that analyte
protonation in VPLm/DHBn clusters occurs after two-
photon ionization to form the cluster radical cations.
Ground state and/or excited state proton transfer does
not appear to contribute to any significant extent to the
formation of the protonated analyte. Furthermore, these
studies indicate that the IE of the VPLm/DHBn clusters
can be reduced significantly relative to the IE of the free
DHB molecule. Indeed, an IE reduction of greater than
1 eV is observed in clusters containing as few as two
VPL’s and one DHB. This result suggests that hydrogen
bonding interactions within the VPLm/DHBn hetero-
clusters lead to substantial stabilization of the VPLm/
DHBn
1z clusters.
These results also suggest a number of intriguing
insights into the mechanism of analyte protonation in
conventional MALDI, particularly as it is applied to
peptides and proteins. First, both the prominence of the
cluster dissociation pathway, as opposed to analyte
protonation, and the efficient photodecomposition of
the DHB to form HQ at the shorter 266 nm wavelength
would suggest that MALDI should be less efficient at
these shorter wavelengths—as is observed in conven-
tional UV MALDI experiments. Clearly, however, this
inefficiency of MALDI at shorter wavelengths does not
rule out a DHB radical cation initiated analyte protona-
tion mechanism, but instead may be attributed to ener-
getic and photodecomposition effects. Second, similar
hydrogen bonding interactions as those that occur in
the VPLm/DHBn heteroclusters may be expected in the
cocrystallized peptide/DHB MALDI samples. Thus,
reductions in the IE of the peptide/DHB MALDI sam-
ples, similar to that observed in the heteroclusters
studied, is expected. This effect might be quite localized
since only those DHB molecules which are able to
interact with the peptide via hydrogen bonding inter-
actions similar to those occurring in the VPLm/DHBn
heteroclusters would be expected to exhibit lowered
IE’s. The lowered IE of the cocrystallized sample would
provide a means to perform two-photon ionization of
the sample at both common UV MALDI wavelengths,
337 and 355 nm. As a result, a DHB radical cation
initiated analyte protonation mechanism must remain a
feasible, and indeed likely, pathway for matrix-to-ana-
lyte proton transfer in conventional peptide and protein
MALDI.
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